The Escherichia coli rluD gene encodes a pseudouridine synthase responsible for the pseudouridine (⌿) modifications at positions 1911, 1915, and 1917 in helix 69 of 23S rRNA. It has been reported that deletion of rluD in K-12 strains of E. coli is associated with extremely slow growth, increased readthrough of stop codons, and defects in 50S ribosomal subunit assembly and 30S-50S subunit association. Suppressor mutations in the prfB and prfC genes encoding release factor 2 (RF2) and RF3 that restore the wild type-growth rate and also correct the ribosomal defects have now been isolated. These suppressors link helix 69 ⌿ residues with the termination phase of protein synthesis. However, further genetic analysis reported here also reveals that the slow growth and other defects associated with inactivation of rluD in E. coli K-12 strains are due to a defective RF2 protein, with a threonine at position 246, which is present in all K-12 strains. This is in contrast to the more typical alanine found at this position in most bacterial RF2s, including those of other E. coli strains. Inactivation of rluD in E. coli strains containing the prfB allele from E. coli B or in Salmonella enterica, both carrying an RF2 with Ala246, has negligible effects on growth, termination, or ribosome function. The results indicate that, in contrast to those in wild bacteria, termination functions in E. coli K-12 strains carrying a partially defective RF2 protein are especially susceptible to perturbation of ribosome-RF interactions, such as that caused by loss of h69 ⌿ modifications.
Pseudouridine (⌿) is among the most common posttranscriptional modifications occurring in rRNA and has been found at conserved regions of the rRNAs in organisms from all three kingdoms (28, 29) . In Escherichia coli, there are 11 ⌿ residues in 16S and 23S rRNAs, and the 7 synthases responsible for these modifications have now been identified (30) . The functions of specific ⌿ residues have been investigated by deletion of the corresponding ⌿ synthase genes (rsuA, rluA, rluB, rluC, rluD, rluE, and rluF) and characterization of the resulting deletion mutants. With the notable exception of rluD, deletion of individual ⌿ synthase genes has little effect on cell growth (29) . In contrast, inactivation or deletion of rluD has been reported to have profound effects on cell growth, 50S subunit assembly, and subunit association (14, 32) . RluD is responsible for ⌿1911, ⌿1915, and ⌿1917 modifications in helix 69 (h69) of 23S rRNA. This functionally important stemloop structure forms a bridge between the 30S and 50S ribosomal subunits and interacts with translation factors and tRNAs at multiple stages of protein synthesis (39) .
The location of ⌿ residues in h69 and the phenotypes of the ⌬rluD mutants lacking h69 ⌿ residues suggest that these posttranscriptional modifications are important for ribosome function. Strains lacking RluD are extremely unstable and rapidly give rise to faster-growing, suppressor-containing derivatives (12, 14) . Some insights into h69 ⌿ functions were provided by the identification of one such ⌬rluD suppressor carrying a missense mutation in the prfB gene, encoding release factor 2 (RF2) (9) . The same study also showed that ⌬rluD mutants had elevated levels of stop codon readthrough and that readthrough was reduced to wild-type levels in the ⌬rluD prfB double mutant. These data link h69 ⌿ modifications with the activities of release factors at termination, consistent with the now-known sites of RF-ribosome interactions, revealed by Xray crystallography of termination complexes (16, 17, 38) .
In this study, we have isolated and characterized 21 further ⌬rluD suppressors. In addition to 8 different amino acid substitutions in RF2, we also recovered suppressor mutations in the prfC gene encoding release factor RF3. In all cases, stop codon readthrough was restored to near-wild type levels in the ⌬rluD prfB and ⌬rluD prfC double mutants. We have also examined the contribution of different E. coli strain backgrounds to the ⌬rluD phenotype: all reported genetic and biochemical analyses of RluD function have been carried out with K-12 strains of E. coli. While the K-12 strain has been used as a wild-type model organism, it carries a variant and defective RF2 protein, with a Thr residue at position 246, in contrast to all other bacteria (including other E. coli strains) which have Ala or Ser at this position. We have examined the effect of Thr246 RF2 on the phenotypes conferred by the ⌬rluD mutation, by replacing the K-12 (Thr246) prfB allele with the E. coli B (Ala246) allele. Surprisingly, deletion of the rluD gene in a strain carrying the E. coli B RF2 (Ala246) allele had no effect on growth, ribosomal subunit association, or stop codon readthrough. Moreover, deletion of the rluD gene in Salmo-nella enterica, which also carries the typical bacterial Ala246 RF2 had negligible effects on these same parameters. These data indicate that while h69 ⌿ residues contribute to RFribosome interactions, the severe phenotypes of ⌬rluD mutants reported in the literature are largely the result of a defective RF2 protein in the E. coli K-12 strains used for these analyses and are not typical of bacteria carrying fully active RF2 proteins.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains used in this study are listed in Table 1 . The pSG and pLG series of lacZ plasmids used here to monitor stop codon readthrough have been described previously (25, 27) . pSG3/4 UGA and pSG34-11 carry UGA mutations; pLG12-6, pSG12-6, and pSG163 UAG carry UAG stop codons; and pSG25 and pSG853 carry a wild-type lacZ and a UAA stop codon.
Media and standard genetic and molecular techniques. Rich and minimal medium preparation, transductions with P1 and KB1 phages, preparation of competent cells, transformations, and Hfr crosses were carried out as described previously (4, 6, 23) . Antibiotics were used at the following concentrations (in g/ml): ampicillin at 200, kanamycin at 25, chloramphenicol at 25, and tetracycline at 12.5. Growth rates were carried out in LB medium at 37°C. ␤-Galactosidase activities were determined on cultures grown in minimal medium with necessary supplements and tetracycline as described previously (26) . Electroporations were carried out in 0.1-cm cuvettes and a MicroPulser electroporator (Bio-Rad). Electrocompetent cells were prepared according to the literature supplied by the manufacturer. PCR amplifications followed standard protocols and were carried out with Taq polymerase (New England Biolabs, Ipswich, MA). Reactions were purified on Wizard columns (Promega, Madison WI), and DNA sequencing was carried out at the DNA core facility at the University of Missouri, Columbia, MO.
Detergent lysates of cells were prepared as described previously (11) . 30S and 50S subunits were separated from 70S ribosomes and polysomes by centrifugation through linear 10 to 40% sucrose gradients in a Beckman SW28 rotor for 18 h at 17,000 rpm. The gradients were analyzed on an ISCO gradient fractionator connected to an ISCO UV5 detector.
Deletion of the rluD gene. The entire rluD coding region was deleted in both E. coli and S. enterica using the method of Datsenko and Wanner (5) . Plasmids pKD3 or pKD4 were employed as templates in PCRs using 70-mer primers that carried 50 bases of homology to the sequences upstream and downstream of the rluD coding region and 20 bases of complementarity to the FLP recombination target (FRT)-flanked antibiotic resistance elements in pKD3 and pKD4. PCR products generated with E. coli-derived primers were electroporated into either LE392 or MG1655 cells that had previously been transformed with the Red plasmid, pKD46, and grown in the presence of 10 mM arabinose to induce Red expression. Transformants were selected on chloramphenicol or kanamycin, as appropriate. The S. enterica strain SL4213 transformed with pKD46 was grown in the presence of 10 mM arabinose and electroporated with PCR products carrying Salmonella sequences and transformants selected as described above. Following purification, colonies were screened for replacement of rluD sequences with an antibiotic resistance element by whole-cell PCR, using primers flanking the rluD sequences used for recombination of antibiotic resistance elements. The deletion mutations were moved into new strains by transduction, using phages P1 and KB1, for E. coli and S. enterica, respectively.
Selection and identification of ⌬rluD suppressors. Faster-growing derivatives of the E. coli K-12 MG1655 ⌬rluD::cat strain were isolated from platings of cultures that had been grown to saturation in rich broth. In all, 21 cultures were grown, and a single, faster-growing colony was recovered from each culture. The prfB gene was amplified from each faster-growing isolate and sequenced. Hfr mapping of faster-growing isolates that had wild-type prfB sequences was carried out as described, using the Hfr::Tn10 kit (37) . Exconjugants were selected on medium containing both chloramphenicol and tetracycline. Exconjugants that had lost the suppressor allele were readily identified, based on the slow growth of these colonies on LB agar plates. Transductions with P1 lysates made on a thr-43::Tn10 strain were used to test if any suppressors mapped to the 99-min region of the chromosome, where prfC is located (3) . Again, loss of the suppressor phenotype was scored by slow growth of the tetracycline-resistant transductants on LB agar plates. The prfC gene was then amplified and sequenced from all isolates that had wild-type prfB sequences.
All prfB and prfC mutations were transferred into the MC279 strain background by P1-mediated transduction. For prfB mutations, MC366, a derivative of MC279, which carries the serA764::Kan mutation linked to prfB, was transduced to serine independence with phage grown on each prfB mutant. For prfC mutations, the thr43::Tn10 strain MC365 was transduced to threonine independence with phage grown on each prfC mutant. Individual transductants were screened for the presence of the prfC or prfB mutations by determining if they yielded tiny or large colonies (the wild-type or ⌬rluD suppressor phenotypes, respectively) in a subsequent transduction with phage prepared on a ⌬rluD::cat strain. The prfC or prfB gene was then amplified and sequenced from putative (rluD ϩ ) suppressor-containing transductants to verify the presence of the mutation. Each single prfB or prfC mutant verified by DNA sequencing was subsequently transduced to chloramphenicol resistance with phage prepared on a ⌬rluD::cat strain to generate isogenic ⌬rluD prfB and ⌬rluD prfC double mutants, respectively.
RESULTS
Isolation and identification of ⌬rluD suppressors. The entire coding region of rluD was deleted in strains MG1655 and LE392 and replaced with a chloramphenicol acetyltransferase (cat) cassette (5). Both ⌬rluD::cat strains grew slowly on solid medium, and faster-growing derivatives invariably arose during growth in liquid medium. The faster growth of such derivatives appears to be due to suppressor mutations, since the rluD gene is still deleted in these strains and previous work has shown that faster-growing ⌬rluD derivatives still lack h69 ⌿ residues (13, 32) . One such ⌬rluD suppressor has been identified by Ejby et al. (9) as a mutation in prfB. However, since h69 interacts with many translation factors, it seemed possible that alterations in one or more of these other factors might also suppress the slow growth of ⌬rluD strains. In an effort to explore the interaction of h69's ⌿ residues with its ligands, 21 further ⌬rluD suppressors were isolated. Of the strains carrying these mutations, 20 had wild-type growth rates, while the remaining suppressor mutant (MC375) ( Table 2 ) grew faster than the parental MG1655 ⌬rluD::cat strain but considerably slower than wild-type MG1655.
The prfB gene was sequenced in all 21 suppressor strains. Fifteen of the strains had single base changes in the coding region, resulting in amino acid changes at 6 different positions in RF2 (Table 1 and Fig. 1 ). Single isolates of E157K, A293T, and A293V mutant RF2, two independent isolates of each of the D131Y, E167K, E172A, and Q290K variants, and four independent isolates of the A293V mutant RF2 were recovered. To map the remaining suppressors, two suppressors with wild-type prfB genes were used as recipients in Hfr crosses. These experiments indicated that both strains carried suppressor mutations in the 98-to 6-min arc of the chromosome, between the origins of transfer of HfrC and HrfP4X (19) . The prfC gene, encoding release factor RF3, is located in this region (99.3 min), close to the thr gene cluster at 0 min (3). To test if any of the remaining suppressors might be prfC alleles, 4 suppressor strains with wild-type prfB genes were used as recipients in P1 transductional crosses with a thr-43::Tn10 donor. Approximately 44% of the tetracycline-resistant transductants showed loss of the suppressor phenotype. Sequencing of the prfC gene from the 6 suppressor strains carrying wild-type prfB genes showed that 5 of these carried single base changes in the prfC coding region, resulting in amino acid changes at 4 different RF3 positions (T30I, T99I, V119F, V119G, and D313Y) ( Table 1 and Fig. 1 ). The remaining suppressor strain, MC375, which grew at an intermediate rate, had wild-type prfA, prfB and prfC sequences, indicating that none of the VOL. 193, 2011 23S rRNA PSEUDOURIDINES AND TRANSLATION TERMINATION 155 termination factors was altered in this strain. The suppressor mutation in this strain was designated rds, for rluD suppressor. The weak suppressor phenotype of the MC375 strain prevented its use as a reliable marker in Hfr crosses, and the identity of this rds suppressor mutation has not yet been determined. However, a derivative of MC375 arose spontaneously on agar plates that had a completely wild-type growth rate, and sequencing of the prfB and prfC genes from this strain (MC379) showed that it carried an RF3 protein with an L126P substitution.
All prfB and prfC mutations were transferred to a clean genetic background by P1-mediated transduction, and the prfB or prfC genes were sequenced to verify the presence of the mutant alleles in these strains. Subsequently, the ⌬rluD::cat mutation was introduced into each prfB and prfC mutant to reconstruct the ⌬rluD prfB and ⌬rluD prfC double mutants. Growth rate determinations showed that while the ⌬rluD::cat strain had a doubling time of at least 138 min, most of the ⌬rluD prfB double mutants had doubling times close to the wild-type doubling time of 33 Ϯ 3 min ( Table 2) . Four of the six RF3 mutants had doubling times slightly longer (40 to 51 min) than that of the wild type. Curiously, while the altered RF3 with the L126P substitution arose as a secondary suppressor, in the reconstructed strain, it suppressed the ⌬rluD growth defect as well as any of the strongest prfB or prfC suppressor alleles ( Table 2 ). All of the prfB and prfC single mutants grew at rates close to that of the wild type.
Inactivation of rluD has been show to affect 50S-subunit assembly and 30S-50S subunit association (14) . Analysis of the subunit association properties of the ribosomes from wild-type and ⌬rluD::cat strains and from the ⌬rluD prfB and ⌬rluD prfC double mutants on sucrose gradients showed that while ribosomes from the ⌬rluD::cat strain had substantially increased levels of free subunits (Fig. 2) , ribosomes from all of the ⌬rluD prfB and ⌬rluD prfC double mutants had wild-type levels of free subunits and 70S ribosomes ( Fig. 2 and data not shown) .
Effects of mutant RFs on termination. The effects of rluD, prfB, and prfC mutations on termination were examined by measuring the levels of stop codon readthrough, using a series of lacZ nonsense mutants. Readthrough of all three stop codons was increased substantially in the ⌬rluD::cat mutant, relative to the wild-type strain (Table 2 and Fig. 3 ). The extent of the increases depended on the individual stop codon and the surrounding codon context. In the ⌬rluD prfB and ⌬rluD prfC double mutants, readthrough of all stop codons was less than that observed with the ⌬rluD::cat strain and in many instances was close to or even less than that seen with wild-type cells. X-ray crystallographic and cryo-electron microscopy (EM) analyses of termination complexes have shown that release factors RF1, RF2, and RF3 interact with h69. Alterations to h69 structure thus have the potential to affect RF-ribosome interactions, and it is not hugely surprising that readthrough of all three stop codons is affected by the ⌬rluD::cat mutation. RF3 recycles both RF1 and RF2 from the posttermination ribosome and effectively increases their availability to bind to termination complexes. Thus, the effects of prfC mutations on termination at all three stop codons in the ⌬rluD prfC double mutants reported in Table 2 are consistent with the known interactions of RF3 with both RF1 and RF2. However, the effects of mutant RF2 on readthrough of UAG codons in ⌬rluD prfB double mutants is unexpected. RF2 recognizes both UAA and UGA, but not UAG codons. Nonetheless, the readthrough of UAG, as well as UGA and UAA, codons seen with the ⌬rluD::cat mutant is decreased substantially by altered RF2 in the ⌬rluD prfB double mutants.
The effects of altered RF2 on UAG readthrough in ⌬rluD prfB double mutants raises the possibility that these substitutions may alter recognition of the cognate stop codon by the mutant RF2. Consistent with this proposal, several of the RF2 mutations isolated by us and by Ejby et al. (9) as ⌬rluD suppressors have previously been shown to affect recognition of cognate termination codons, when the mutant factors are overexpressed from high-copy-number plasmids (35) . We have addressed the possible effects of altered RF2 factors on termination at UAG codons by asking if the mutant RF2s can assume UAG-decoding functions and render RF1 dispensable. The prfA1 (R137P) mutation renders RF1 temperature sensitive, and the mutant fails to grow at 42°C (15, 33) . A series of prfA1 prfB double mutants was constructed by introducing prfB mutations into the prfA1 strain MC360. However, both the parental prfA1 strain and the prfA1 prfB derivatives were equally unable to grow at 42°C. We conclude that none of the mutant RF2s studied here has sufficient UAG-decoding activity to render RF1 dispensable.
We next asked if UAG decoding by a suppressor tRNA was affected by the altered RF2 proteins. Since decoding of a stop codon by a suppressor tRNA involves competition between the tRNA and a release factor, we reasoned that any UAG decoding by the mutant RF2 should decrease UAG reading by the tRNA Ser -derived suppressor, SupD. However, measurements of ␤-galactosidase activities in a series of isogenic strains carrying supD67, the UAG lacZ reporter plasmid pLG12-6, and selected prfB alleles showed that the UAG suppressor activity of supD67 was unaffected by any of the prfB mutations exam- ined (data not shown). While these results cannot completely exclude near-cognate decoding by altered RF2, they suggest that at least when expressed from single-copy, chromosomal genes, any near-cognate decoding by the mutant RF2s occurs at a low level. Other explanations for the effects of altered RF2 on UAG readthrough are considered in Discussion. Effects of strain background on the ⌬rluD phenotype. The experiments described above implicate termination as the main ribosomal activity affected by loss of h69 ⌿ residues. However, the E. coli K-12 strains in which all the analyses of rluD function have been carried out already carry a variant RF2 with a threonine residue at position 246. This is in contrast to class I RFs in other bacteria, including other E. coli strains, that carry serine or alanine at this position (8) . Moreover, the K-12 Thr246 variant of RF2 is distinctly less effective in termination, both in vivo and in vitro, than the Ala246 RF2 (8, 24) . To address any potential contribution of the K-12 Thr246 RF2 to the ⌬rluD phenotype, we have constructed K-12 derivatives carrying the E. coli B prfB allele (Ala246 RF2) and then inactivated the rluD gene in this genetic background. Strains MC279 and MC359 are isogenic, differing only in the identities of their prfB alleles. Growth of MC359, which carries the E. coli B prfB allele, is indistinguishable from that of MC279, which carries the K-12 prfB allele. Termination at UGA codons is detectably more efficient in MC359 than in MC279, as has previously been reported (24) . However, in distinct contrast to MC279, introduction of the ⌬rluD::cat mutation into the MC359 strain background had no effect on growth and did not promote increased readthrough of stop codons (Table 2 ). In addition, cell lysates from the Ala246 RF2 ⌬rluD::cat strain showed normal levels of free subunits and 70S ribosomes (Fig. 2) . In effect, the wild-type E. coli B prfB allele is as good a suppressor of the ⌬rluD phenotype as any of the selected prfB or prfC suppressor mutations. To confirm this result, the K-12 prfB allele was replaced with the E. coli B prfB allele in two other K-12 strains, CSH142 and BW25113 (the parental strain of the Keio knockout collection [2] ) to give strains MC361 and MC415, respectively. Inactivation of the rluD gene in MC361 or MC415 by introduction of the ⌬rluD::cat allele constructed here (to give strains MC362 and MC416, respectively) similarly did not affect growth or ribosomal subunit association (not shown). A subsequent genetic cross showed that the slow-growth phenotype, characteristic of ⌬rluD mutants could be regenerated in the ⌬rluD::cat strain MC362 by reintroduction of the K-12 prfB allele. When MC362 was transduced to kanamycin resistance with phage prepared on a K-12 ⌬serA764::kan strain (serA and prfB are tightly linked), approximately equal numbers of large and small transductants were recovered. The prfB gene from four small and four large transductants was amplified and sequenced. All four of the small transductants had inherited the K-12 prfB allele along with the linked serA764::kan marker, while the four large transductants had retained the E. coli B prfB allele. This experiment confirms that a fully functional (Ala246) RF2 protein alone can rescue the slow growth of rluD-inactivated strains and that no additional suppressor mutations are present in strain MC262.
While the pseudouridlylation of h69 in the ⌬rluD::cat strains constructed here has not been examined directly, it has been examined previously with strains carrying an rluD gene interrupted by a cat cassette (32). The rluD::cat disruption allele studied by Raychaudhuri et al. (32) is also present in strain ME97 (9) and was introduced by P1 transduction into strains MC41 and MC361, carrying the E. coli K-12 and B prfB alleles, respectively. All MC41 chloramphenicol-resistant transductants were small and slow-growing and gave rise to fastergrowing derivatives, while the MC361 transductants grew at a wild-type rate. Moreover, the effects of the rluD::cat insertion allele on ribosomal subunit association and readthrough of stop codons were identical to that promoted by the ⌬rluD::cat deletion allele constructed in this study (data not shown). We conclude from these experiments that the ⌬rluD::cat deletion allele constructed here, as well as the previously characterized rluD::cat disruption allele, interact identically with the K-12 and B prfB alleles. Together, these results suggest that the slow growth and ribosomal defects associated with the ⌬rluD mutants reported here and by other laboratories are largely a consequence of a defective RF2 protein, present in K-12 strains of E. coli. Deletion of rluD in Salmonella enterica. To examine the effects of rluD loss in other bacteria, the rluD gene was inactivated in Salmonella enterica serovar Typhimurium. Like most bacteria, S. enterica has an RF2 with Ala at position 246. Isogenic rluD ϩ and ⌬rluD::cat S. enterica strains both grew at similar rates in liquid medium (Table 2 ) and displayed similar levels of ribosomal subunits and 70S ribosomes on sucrose gradients (not shown). Readthrough of stop codons in both strains occurred at similar levels, with the exception of UAG readthrough, which appeared to be slightly more efficient in the ⌬rluD::cat strain, at least in one UAG sequence context (pSG12-6) ( Table 2 ). The lack of any strong phenotype associated with rluD inactivation in Salmonella strains resembles what is observed with E. coli strains carrying the Ala246 RF2 protein. Together, these results suggest that loss of h69 ⌿ residues has little consequence in bacteria with fully active termination factors and that the previously reported phenotypes of ⌬rluD mutants are a peculiarity of E. coli K-12 strains carrying a partially defective RF2 protein.
DISCUSSION
Pseudouridines have been detected, or inferred, at conserved positions in h69 in bacterial, archaeal, and eukaryal ribosomes. The number and locations of these modifications vary between organisms; E. coli, Bacillus subtilis, and Deinococcus radiodurans have ⌿ at positions 1911, 1915, and 1917, and ⌿1915 is methylated in at least E. coli and D. radiodurans. Thermus thermophilus has ⌿ at positions 1911 and 1917, Haloarcula marismortui has ⌿ at 1915 and 1917, while Sulfolobus acidocaldarius has a single ⌿ at position 1917 (7, 20, 22, 28) . In Saccharomyces cerevisiae cytoplasmic ribosomes, ⌿s are found at positions 1915 and 1917, as well as in the stem region of h69 at positions 1921 and 1923 (E. coli numbering) (18) . Spectroscopic analyses of h69 oligonucleotides suggest that ⌿ residues facilitate conformational changes in the RNA and influence its stability (1) . Investigations by Gutgsell and colleagues suggested that h69 ⌿ modifications are important for ribosome biogenesis and function (14) . The identification of a suppressor mutation in the prfB gene by Ejby et al. (9) that suppressed all of the defects associated with rluD inactivation provided a link between termination of translation and h69 ⌿ modifications. In the work reported here, the isolation of additional suppressor mutations in prfB and the identification of a distinct class of suppressors in the prfC gene encoding RF3, supports and extends the link between termination and h69 ⌿ residues. However, the demonstration that the slow growth, impaired subunit association, and increased readthrough phenotypes associated with rluD inactivation are limited to E. coli K-12 strains carrying a partially defective RF2 protein suggests that wild-type ribosomes can tolerate loss of h69 ⌿ modifications without compromising function. Thus, as is observed for the other ⌿ modifications in 23S and 16S rRNAs, h69 ⌿ modifications also appear to be largely dispensable in wild-type bacteria.
Effects of altered RF2 and RF3 on termination functions. The altered RF2 (E172K) isolated by Ejby et al. (9) that suppressed the growth defects caused by RluD loss displayed more efficient termination of UGA codons than the corresponding wild-type factor, in rluD ϩ as well as ⌬rluD::cat backgrounds. This result was interpreted in terms of a gain-of-activity mutation in RF2 that made the factor inherently more effective in termination on wild-type as well as on hypomodified ribosomes. All of the altered RF2 and RF3 release factors isolated here restore the stop codon to near-wild-type levels in the ⌬rluD::cat strain, consistent with the proposal that defective termination underlies most, if not all, of the defects associated with loss of h69 ⌿ residues. While most of the altered RF2 factors isolated here also terminate at UGA more effectively than wild-type RF2 in rluD ϩ strains, the three mutant RF2s with changes at Ala293 are distinct and display higher levels of UGA readthrough. In addition, in rluD ϩ strains, all of the mutant RF3 factors show modest increases in UAG and UGA readthrough levels. Thus, while these mutant RF2 and RF3 factors can improve the defective termination associated with undermodified ribosomes, not all the factors are inherently more efficient in termination functions on wild-type ribosomes. This suggests that these mutant factors may have a differential interaction with modified versus hypomodified ribosomes or may ameliorate a step in the termination reaction that is uniquely rate limiting in undermodified ribosomes.
Defective termination has also been proposed to underlie the defects in rRNA processing and ribosome assembly that result in the small amounts of unstable 70S ribosomes and the accumulation of precursor particles observed with ⌬rluD strains (9) . According to this model, increased readthrough affects synthesis of RNase III and the translational coupling mechanism regulating ribosomal protein synthesis. Our observation that ribosomal subunit assembly and association are restored to wild-type levels in the suppressor-containing strains is consistent with such a model.
The class II release factor RF3 removes the class I release factors RF1 and RF2 from the ribosome, following peptide release. In so doing, RF3 increases the amounts of class I factors available for binding to pretermination ribosomes and enhances the overall efficiency of termination. The crystal structure of RF3 ⅐ GDP reveals that the protein is folded into three distinct domains (10) . Domain I (residues 3 to 278) consists of a GTPase domain and "an EF-G-like GЈ subdomain." Five of the six mutants isolated here (the T30I, T99I, V119F, V119G, and L126P mutants) affect residues located in domain I, while the remaining mutant carries an alteration (D313Y) in a residue that is located in the interface between domains II and III. RF3 mutants with alterations in the G domain and domain III that suppressed the temperature sensitivity of both RF1 and RF2 mutants have been isolated by Matsumura et al. (21) . Suppression of RF1 and RF2 temperature sensitivity likely occurs through enhanced recycling of class I release factors off the ribosome by the altered RF3, and this mechanism may also underlie suppression of the termination defects in the ⌬rluD::cat strain. The most recent model for RF3-dependent recycling of class I release factors posits that GDP is exchanged for GTP upon binding of RF3 ⅐ GDP to the ribosome. GTP binding affects the conformation of both RF3 and the ribosome and ultimately results in the release of the class I release factors (10) . The location of many of the ⌬rluD::cat suppressor mutations in domain I of RF3 suggests that these alterations may affect transitions between nucleotide-free, GDP-and GTP-bound forms of RF3 on the ribosome. The D313Y substitution analyzed here lies in the domain II-III interface, and Gao et al. (10) also showed that the adjacent H311A substitution affected GDP release from ribosome-bound RF3. Thus, the D313Y mutation is also positioned to affect nucleotide-RF3 interactions. Alteration of the GDP-to-GTP exchange rates on RF3 has the potential to affect its recycling of class I factors and thus the efficiency of termination.
Release factor RF2 is a four-domain protein. Domain 1 contributes to interactions with RF3, while domain 2 carries the SPF "tripeptide anticodon" that contributes to stop codon recognition. Domains 2 and 4 pack against one another to form a central core of the protein. Extending from this central core is domain 3 which contains the invariant GGQ motif that interacts with the peptidyltransferase center of the 50S subunit and is required for triggering hydrolysis (31) . Residues D131, E157, E167, and E172 described here are in domain 2, while Q290 and A293 are in domain 3. None of the RF2 residues mutated here is seen to make direct contact with h69 in the crystal structure of T. thermophilus RF2 bound to the ribosome (38) . The closest approaches are by E167 and D131, which are 6.63 and 6.36 Å away from ⌿1911 and C1914, respectively. However, P160 (equivalent to E172 of E. coli RF2) contacts R125 of protein S13. The same S13 residue, in turn, makes a backbone contact with A1913 in h69, and A1913 is believed to play a pivotal role in connecting stop codon recognition in the decoding center with activation of hydrolysis by the peptidyltransferase center during termination (16, 17) . Thus, while none of the domain 2 residues studied here appears to make direct contacts with h69, they have the potential to perturb S13-RF2 contacts and, consequently, the interaction between S13 and h69.
In solution, the class I RFs can assume both closed and extended conformations (36) . However, only in the extended conformation is it possible for the "tripeptide anticodon" and GGQ motifs of RF1 or RF2 to interact simultaneously with the ribosomal decoding and peptidyltransferase centers, respectively. X-ray crystal structures of RF1 or RF2 bound to the ribosome show that h69 interacts with a small "switch" loop (residues 308 to 322 in E. coli RF2), connecting domains 3 and 4. Two of the RF2 residues described here, Q290 and A293, lie in an adjacent helix (␣7), and mutations in these residues conceivably may affect the orientation of the switch loop or the GGQ motif at either end of the ␣7 helix, upon ribosome binding.
UAG decoding in ⌬rluD and ⌬rluD prfB strains. The increased readthrough of stop codons observed in ⌬rluD::cat strains (Table 2 ) (9) indicates that posttranscriptional modifications of h69 affect the efficiency of termination, most likely by altering RF-ribosome interactions. However, among the 20 suppressors of the growth defect caused by rluD inactivation, no mutations affecting RF1 were recovered. Surprisingly, suppressor mutations in the release factor RF2 restored wild-type readthrough at the near-cognate UAG codon as well as the cognate UAA and UGA codons in ⌬rluD::cat strains. While our genetic data cannot completely exclude the possibility that the mutant RF2s decode UAG codons, the data suggest that any such near-cognate reading occurs at low levels.
Mora et al. (24) have argued that one of the consequences of the Thr246 variant RF2 in K-12 strains is that UAA codons in these strains are read predominantly by RF1. If the interaction of the Thr246 RF2 with the ribosome is compromised by loss of h69 ⌿ modifications, the burden of UAA decoding may shift even further onto RF1. Since UAA codons are the most commonly used termination codons, particularly in highly expressed genes, titration of the available RF1 at UAA codons will decrease the amount of RF1 available at the relatively rare UAG codons, promoting their readthrough by near-cognate tRNAs. Restoration of efficient RF2-dependent termination in our suppressor-containing strains would also have the effect of redistributing the RF1 available for UAG decoding. In summary, the Thr246 RF2 present in K-12 strains, because of its inherently weaker termination activity, may be uniquely sensitive to perturbation of ribosome-RF interactions, such as might be caused by loss of h69 ⌿ residues. In addition, rluD inactivation in K-12 strains may also indirectly affect UAG readthrough, through titration of limiting RF1 by abundant UAA codons. The RF2 with Ala at position 246, as well as the wild-type RF1 and RF3 factors, are fully active and are thus more resilient to disruption of RF-ribosome interactions.
The prfB alleles in different strains of E. coli affect the phenotypes of rluD inactivation. The K-12 strain of E. coli has been used extensively for genetic and biochemical studies since the 1940s. The prfB allele present in K-12 strains, encoding Thr at position 246, appears limited to K-12 strains and absent from other strains of E. coli, including the B strains and the C6 strain MRE600, which has been used extensively for biochemical analyses (8). Mora et al. (24) have argued that the truly wild-type E. coli prfB allele, such as that found in B strains, has an Ala at position 246 and that the K-12 prfB allele should be considered mutant. In in vitro termination assays, the Thr246 RF2 is less effective than the Ala246 RF2 (8) . Here, we show that the previously reported growth and functional defects associated with rluD inactivation are eliminated when the Thr246 RF2 in K-12 strains is replaced with the Ala246 RF2 from E. coli B. In addition, inactivation of rluD in Salmonella, which also carries the more typical bacterial Ala246 RF2, does not affect growth, stop codon readthrough, or ribosomal subunit association. These results lead us to conclude that inactivation of rluD in bacteria carrying fully active release factors has little effect on cell physiology. It is of interest to note that Sato and Iino (34) have reported recently that inactivation of rluD in Bifidobacterium bifidum does not affect growth of this Gram-positive bacterium, consistent with our conclusion that rluD loss is tolerated in wild-type bacteria.
The systematic analyses of rRNA ⌿ synthases in E. coli by Ofengand and Campo indicated that, with the notable exception of rluD, each of the rRNA ⌿ synthase genes could be individually inactivated with little obvious effect on phenotype (29) . In addition, a strain lacking multiple synthases (the ⌬rluB ⌬rluC ⌬rluE ⌬rluF strain) is only modestly affected in growth rate (29) . The work presented here shows that when truly wild-type bacterial strains are used, rluD can also be inacti- 
